The molecular mechanisms leading to asexuality remain little understood despite their substantial bearing on why sexual reproduction is dominant in nature. Here, we examine the role of hybridization in the origin and spread of obligate asexuality in Daphnia pulex, arguably the best-documented case of contagious asexuality. Obligately parthenogenetic (OP) clones of D. pulex have traditionally been separated into 'hybrid' (Ldh SF) and 'nonhybrid' (Ldh SS) forms because the lactase dehydrogenase (Ldh) locus distinguishes the cyclically parthenogenetic (CP) lake dwelling Daphnia pulicaria (Ldh FF) from its ephemeral pond dwelling sister species D. pulex (Ldh SS). The results of our population genetic analyses based on microsatellite loci suggest that both Ldh SS and SF OP individuals can originate from the crossing of CP female F 1 (D. pulex 3 D. pulicaria) and backcross with males from OP lineages carrying genes that suppress meiosis specifically in female offspring. In previous studies, a suite of diagnostic markers was found to be associated with OP in Ldh SS D. pulex lineages. Our association mapping supports a similar genetic mechanism for the spread of obligate parthenogenesis in Ldh SF OP individuals. Interestingly, our study shows that CP D. pulicaria carry many of the diagnostic microsatellite alleles associated with obligate parthenogenesis. We argue that the assemblage of mutations that suppress meiosis and underlie obligate parthenogenesis in D. pulex originated due to a unique historical hybridization and introgression event between D. pulex and D. pulicaria.
Introduction
The maintenance of sex is one of the most puzzling biological questions (Maynard Smith 1978; Bell 1982; Otto 2009 ). The phylogenetic distribution of reproductive strategies across eukaryotes shows that sexual reproduction is predominant, whereas asexual taxa are rare and usually occupy the tips on the tree of life (Maynard Smith 1978) , suggesting their evolutionarily short persistence. However, relative to their sexual counterparts, asexually reproducing individuals have a twofold demographic advantage, do not need to allocate energy to seeking mates and are free from the risk of sexually transmitted diseases (Otto 2009 ). Thus, extensive research has focused on the long-term and immediate costs and benefits of sex, providing insights into how sexual individuals can overcome their demographic disadvantages and outcompete asexuals (Kondrashov 1993; Otto 2009 ). Despite some illuminating findings such as the persistence of asexual lineages can be severely compromised by the accumulation of deleterious mutations due to the lack of genetic recombination (e.g. Lynch et al. 1993) , theoretical studies generally assume that mutations are the only source of genetic variation in asexuals. This assumption ignores the fact that parthenogenesis (i.e. offspring hatching from unfertilized eggs) has evolved in plants and animals through distinct biological processes and underlying molecular mechanisms, which may have great impact on the genetic diversity of asexual lineages.
Previous investigations have used crossing experiments and association studies to understand the genetics of the elements (e.g. dominance effects and number of loci) responsible for meiosis suppression in plants including Hieracium, Erigeron annuus and Taraxacum (Catanach et al. 2006; Noyes et al. 2007; Van Dijk et al. 2009 ) and animals such as the parasitoid wasp Lysiphlebus fabarum (Sandrock & Vorburger 2011) , and the honeybee Apis mellifera capensis (Lattorff et al. 2005) . However, we still have little insight into the molecular mechanisms underlying the conversion of ancestrally sexual reproduction to a derived state of parthenogenesis (Lynch et al. 2008) .
Parthenogenesis in animals can arise by different mechanisms such as spontaneous origin, hybrid origin and contagious origin (Simon et al. 2003) . Spontaneous origin may occur through mutations in the genes involved in sexual reproduction and meiosis, for example, the loss of sex in monogonont rotifers (Serra & Snell 2009 ). Parthenogenesis may also occur when normal meiosis is disrupted due to genomic divergences (e.g. chromosomal rearrangements) between hybridizing parental species (Shimizu et al. 2000; Kearney et al. 2009) . Although phylogenetic studies have revealed that parthenogenetic lineages in vertebrates, snails, crustaceans and insects such as aphids, weevils and grasshoppers have a hybrid origin (reviewed in Simon et al. 2003) , only a few attempts to produce parthenogens by hybridization in the laboratory have succeeded, for example, in the marsh frog Rana ridibunda (Hotz et al. 1985) , the fish Poeciliopsis (Schultz 1973) , the grasshopper Warramaba (White et al. 1977) and planthoppers of the genus Muellerianella (Drosopoulos 1978) , leaving the question open about the role of hybridization in the origin of parthenogenesis (Kearney et al. 2009 ). Contagious parthenogenesis can result from the transmission of genetic elements that confer asexuality as a consequence of mating between males produced by obligately parthenogenetic (OP) lineages and sexual females, for example in Daphnia (Innes & Hebert 1988) .
The Daphnia pulex species complex (Crustacea, Anomopoda), which contains multiple OP lineages derived from cyclically parthenogenetic (CP) ancestors, is perhaps one of the best-documented systems of contagious asexuality in animals (Innes & Hebert 1988; Simon et al. 2003; Lynch et al. 2008) and is also an ideal system for examining the molecular mechanisms responsible for the conversion to asexual reproduction (Crease et al. 1989; Hebert et al. 1989; Paland et al. 2005) . Daphnia species typically reproduced by cyclical parthenogenesis, that is, alternation of asexual and sexual reproduction. Under favourable environmental conditions, females apomictically produce diploid eggs that directly develop into daughters. Environmental cues signalling deteriorating conditions (e.g. food shortage, high population density and/or photoperiod changes) trigger the production of males and haploid eggs by females (Innes & Hebert 1988) . Fertilized eggs that are deposited in a protective structure (ephippium) can hatch after extensive periods of dormancy (Decaestecker et al. 2007) .
Interestingly, some lineages in the D. pulex complex have lost the ability to engage in sexual reproduction as females, reproducing strictly by obligate parthenogenesis. However, a subset of OP lineages can still produce males capable of haploid sperm production (Hebert 1981; Hebert et al. 1989) . It has been assumed that an important mechanism responsible for the origin of new OP D. pulex lineages involves the transmission of meiosis suppression genes via this type of male mating with CP females (Innes & Hebert 1988) . Assuming the sexlimited meiosis suppression genes are at least partially dominant, some OP offspring will arise from such crosses (Innes & Hebert 1988) . Obligate parthenogenesis spreading in this contagious fashion probably accounts for the independent origin of multiple OP lineages documented for D. pulex Paland et al. 2005) .
Initially, it was hypothesized that a single, dominant gene is responsible for meiosis suppression/obligate parthenogenesis in Daphnia (Innes & Hebert 1988 ). However, a recent genome-wide association study using a collection of D. pulex lineages across North America shows that at least four genomic regions are associated with meiosis suppression and other critical features for the persistence of obligate parthenogenetic lineages, for example, production of males and hatching of unfertilized eggs (Lynch et al. 2008 ). This study suggests that different genomic regions may be responsible for different features of obligate parthenogenesis. Moreover, the recent work of Eads et al. (2012) shows that an insertion at the Rec8 B locus is associated with the spread of OP D. pulex in North America.
Despite these recent advances in pinpointing the genomic regions involved, the origin of the suite of meiosis suppression genes in D. pulex has not been investigated closely. Because mutations are rare events, the spontaneous and simultaneous occurrence of mutations in four different genomic regions or different loci on the same chromosome that specifically convert meiosis to apomixis is unlikely. However, as suggested by studies in other species (Vrijenhoek 1998) , hybridization and/or backcrossing is potentially capable of accounting for the origin of polygenic meiosis suppression. For example, if multiple genomic regions with chromosome rearrangements exist between hybridizing species, meiosis can be disrupted, setting up the stage for the emergence of mutations conferring the capability of direct egg development without fertilization.
In Daphnia, hybridization between closely related species is common (Taylor & Hebert 1992; Dufresne & Hebert 1994; Taylor et al. 1996 Taylor et al. , 2005 , especially between D. pulex and its sister species Daphnia pulicaria Heier & Dudycha 2009; Cristescu et al. 2012) . Although morphologically indistinguishable, D. pulex and D. pulicaria occupy largely distinct habitats and can be identified by diagnostic alleles of a few allozyme loci, such as the lactate dehydrogenase (Ldh) locus and leucyl-alanine peptidase (Pep), and by microsatellite markers (Cristescu et al. 2012) . D. pulex live mainly in ephemeral ponds and can be occasionally found in some permanent fishless habitats, whereas the primary habitats for D. pulicaria are permanent, stratified lakes with high fish predation (Crease et al. 1997; Pfrender et al. 2000) . CP D. pulex are homozygous for the slow allele (S) of Ldh, while D. pulicaria are homozygous for the fast allele (F) ( Table 1 ; Hebert et al. 1989; Pfrender et al. 2000) . Across the North American distribution, D. pulex populations in the northeast part of the continent harbour exclusively OP individuals, whereas CP populations are found mainly in the mid-west and western United States (Hebert & Finston 2001) . Interestingly, the Great Lakes watershed represents a contact zone between these two reproductive strategies with many ephemeral ponds containing a mixture of OP (both Ldh SS and SF genotypes) and CP individuals (Hebert & Finston 2001) . D. pulicaria is distributed across North America, and no OP lineages have been documented based on direct tests of breeding system (Heier & Dudycha 2009 ). Hybrids of D. pulex and D. pulicaria are characterized by a heterozygous (SF) genotype at the Ldh locus and are common in temperate regions of North America (Table 1) . These SF individuals invariably appear to be OP in the field and are found predominately in ponds in disturbed areas where forests have been cleared (Hebert & Crease 1983) . Furthermore, these Ldh SF OP individuals have a mitochondrial genotype from D. pulex (Cristescu et al. 2012) , suggesting that their maternal genealogy is derived from D. pulex. However, the genetic basis of obligate parthenogenesis has not been investigated in these OP individuals. Heier & Dudycha (2009) performed crosses between females of CP D. pulex and males of CP D. pulicaria and showed that the F 1 (Ldh SF) progeny are consistently cyclical parthenogens, rather than obligate parthenogens. This finding contrasts with field observations in which the Ldh SF genotype is always OP. Thus, Heier & Dudycha (2009) suggested that the natural OP individuals might originate from the crossing of sexual female F 1 hybrids (resulting from D. pulex 9 D. pulicaria) with males from OP D. pulex that can transmit meiosis suppressing genes. This hypothesis also raises the possibility that the Ldh SS OP individuals observed in temporary ponds may also be a consequence of crossing of F 1 hybrid females with OP males in these pond environments (Fig. 1) . Thus, some of the Ldh SS OP individuals are expected to retain D. pulicaria alleles (i.e. 25% or less) and to appear distinct from the Ldh SS OP D. pulex individuals arising due to the transmission of meiosis suppression genes within nonhybrid D. pulex populations (i.e. 100% genome from D. pulex, Heier & Dudycha 2009 ). Furthermore, Ldh SF OP individuals should show the highly diagnostic alleles for obligate parthenogenesis in Ldh SS individuals, and the OP offspring from the envisioned crossing (F1s 9 males from OP clones) could carry either Ldh SS or SF genotypes. Therefore, the Ldh SS OP D. pulex individuals could be derived from the crossing between males from OP lineages and pure CP D. pulex females as the current literature assumes, or from crosses of OP males with F 1 (D. pulex 9 D. pulicaria) or backcross females, meaning that the Ldh SS genotype is not a reliable indicator of the origin of the OP lineages.
The underlying assumption of the hypothesis of Heier & Dudycha (2009) is that meiosis suppression initially evolved in D. pulex. However, considering the possibility that CP hybrids can facilitate the introgression of D. pulicaria genes into a D. pulex genomic 
pulicaria).
In the present study, we focus on a small geographical region in the Great Lakes watershed where the coexistence of CP (Ldh SS) and OP D. pulex lineages (both Ldh SS and SF) presents an opportunity to investigate the evolution of meiosis suppression in D. pulex. First, we use microsatellite data to test the origin of the Ldh SF OP D. pulex individuals and to evaluate whether there are distinct groups of Ldh SS OP individuals that vary in the amounts of D. pulicaria genes in their genomes. Second, we consider whether the mechanisms responsible for OP in Ldh SF individuals are similar to those involved in the meiosis suppression in Ldh SS D. pulex by examining whether the diagnostic markers associated with Ldh SS OP lineages are the same as those in association with Ldh SF OP individuals. Lastly, we investigate the origin of meiosis suppression in D. pulex by examining whether some of the diagnostic alleles on each of the four genomic regions associated with obligate parthenogenesis in D. pulex are predominant in D. pulicaria.
Materials and methods

Sampling and sexuality test
Daphnia pulex and D. pulex/pulicaria 'hybrids' were collected from four ephemeral ponds (Canard 1, 1B, 2 and 3, see Table 2 ) located within 5 km of Windsor, Ontario, Canada. These ponds are usually filled with water by snow melt in early spring, dry up by early summer and are unique in containing both CP (Ldh SS) and OP (Ldh SS and SF) D. pulex individuals. This is in contrast to the ponds in northeast Canada and USA that contain only Ldh SS OP individuals. Such mixed populations have been described in Southwestern Ontario and The collected individuals were brought to the laboratory, isolated and maintained in 250-mL beakers with filtered river water at 20°C. These individuals (both CP and OP) were maintained under benign laboratory conditions so that they can reproduce parthenogenetically essentially indefinitely. Clonal lines were fed ad libitum with a suspension of Scenedesmus obliquus. Three to five parthenogenetic offspring descended from each individual were used for sexuality tests. The sexuality tests involved examining whether, in the absence of males, diapausing embryos were present in ephippia. Consistent results from at least three consecutive rounds of production of ephippial embryos for each individual were used to determine the reproductive mode. The presence of embryos in ephippia indicates obligate parthenogenesis, whereas the absence of embryos suggests that individuals are cyclical parthenogens in which fertilization by sperm is necessary for the production of diapausing embryos (Innes & Hebert 1988) . In total, 98 OP and 86 CP isolates were identified and used in the subsequent genetic analyses.
Molecular protocols and data analyses
DNA of 5-10 parthenogenetic offspring of each individual was extracted using a cetyltrimethylammonium bromide method (Doyle & Doyle 1987) . The Ldh genotype for each OP individual was examined using allele-specific PCR. The Ldh slow allele was amplified using the forward primer 5′-GAGCGATTTAACGTTGCGCCC-3′ and the reverse primer 5′-GGACGACTTGTGTGTGA ATTTG-3′, whereas the fast allele was amplified with the forward primer 5′-GAGCGATTTAACGTTGCG CCT-3′ and the reverse primer 5′-GGACGACTTGTGT GTGAATTTC-3′ (Cristescu et al. 2012) . To determine the genotype of an individual, two PCRs were run to amplify the slow and fast alleles, respectively. For each PCR, individuals with known Ldh genotypes (SS or FF) initially determined by allozyme screening (from genetically identical siblings) were used as control samples to monitor whether there was cross-amplification between the slow and fast alleles and to determine whether the absence of amplicon is truly due to allelic absence. The PCR cycling regime consisted of 2-min denaturing at 94°C and 35 cycles of 30-s denaturing at 94°C, 30-s annealing at 58°C and 30-s extension at 72°C. The PCR product for each reaction was checked on a 1.5% agarose gel to determine the Ldh genotype. The presence of amplicon for both slow and fast reactions indicates SF heterozygotes, whereas the presence of a band for either slow or fast PCR is recognized as SS or FF homozygotes. The Ldh genotypes for a subset of samples (n = 30) examined using this allele-specific PCR approach were verified by allozyme screening, confirming the robustness of this method.
To investigate the origin of 'hybrid' (Ldh SF) OP lineages, we used nine unlinked microsatellite markers from nine linkage groups (a subset of the total 54 markers, Appendix S1, Supporting Information) and 101 CP D. pulex and 167 D. pulicaria isolates to construct a neighbour-joining tree based on pairwise allele-shared distances (D AS ) between all genotypes in the software POPULATIONS 1.2 (http://bioinformatics.org/~tryphon/ populations/). The allele-shared distance was chosen because of the possibility of observing shared alleles between parental populations and offspring if backcrossing occurs. Although D AS asymptotes with large divergence time, its lower variance makes it a reliable metric for population assignment (Goldstein et al. 1995) . We also performed a Bayesian assignment test in the software STRUCTURE (Pritchard et al. 2000) to assign a relative probability that each OP individual is associated with either nonhybrid CP D. pulex (Ldh SS) or D. pulicaria (Ldh FF). Although Structure assumes HardyWeinberg equilibrium and no strong linkage among markers, our test aimed to reveal the parental (sexual) sources of microsatellite alleles. The genotypes observed in OP lineages are probably a result of mating between males from OP clones that still undergo meiosis to produce sperm and females from CP lineages. In this process, gametes are still produced through meiosis, and there is no reason to exclude random mating at the point of fertilization. All OP individuals were analysed as unknowns under an admixture ancestry model. The ancestry analysis was run with each of the nine markers individually, and the average ancestry estimates from nine runs were used as the final result. Burn-in and run lengths were set to 100 000 and 1 000 000, respectively. We also used the R software package INTROGRESS that does not assume Hardy-Weinberg equilibrium to estimate the hybrid index of the OP individuals (Gompert & Buerkle 2009 . INTROGRESS is a regression-based method and provides maximum-likelihood estimates of hybrid index using multilocus genotype data. With CP D. pulex and D. pulicaria as fixed parental sources, a hybrid index (H index) of 0 represents pure D. pulex genomic background, whereas a H index of 1 represents pure D. pulicaria background. It should be noted that a low H index value corresponds to a low D. pulicaria and high D. pulex Bayesian ancestry estimate. Furthermore, in the R software package adegenet (Jombart 2008; Jombart & Ahmed 2011) , we used the genotypes of pond CP D. pulex and lake D. pulicaria to simulate the genotypes for nine microsatellite markers that are not associated with obligate parthenogenesis for their F 1 and the crossing of F 1 with OP males that carry meiosis suppression genes. These markers should have the same segregation pattern in both CP and OP offspring. We also assume that half of the offspring from crosses with OP males are OP based on previous crossing experiments (Innes & Hebert 1988) . We then used Structure to analyse the ancestry of these simulated genotypes and used the ancestry profiles to test whether the Ldh SF and SS OP individuals are descendants of OP males crossing with F 1 s or advanced backcrosses. We also used INTROGRESS to analyse the hybrid index of the simulated F 1 crosses. Furthermore, to understand what genes may be involved in meiosis suppression, we searched the 200-kb flanking region (wfleabase.org) centred at each of the microsatellite markers associated with OP to identify possible genes that are involved in OP.
To test whether the Ldh SF OP individuals are likely to have the same mechanism for meiosis suppression as Ldh SS OP D. pulex individuals, 34 microsatellite markers that were shown to be significantly associated with obligate parthenogenesis in Ldh SS D. pulex (Lynch et al. 2008) were genotyped in both CP and OP (including both Ldh SF and SS) individuals. These 34 microsatellite markers reside in four linkage groups V, VIII, IX and X. A subset of these markers (Table 3) was also genotyped in 48 D. pulicaria individuals from Three Lakes II, Lawrence Lake and Warner Lake (16 individuals from each lake). In addition to these diagnostic markers, 20 markers mapped in linkage group I were genotyped. Previous studies suggested that this linkage group is involved in the production of males, an essential feature for the contagious spread of parthenogenesis (J. K. Colbourne, unpublished data). PCRs and genotyping followed methods in the study by Cristescu et al. (2006) . The OP individuals were divided into two groups based on their Ldh genotypes (SS and SF). G ST (Nei 1973) between CP (Ldh SS) and OP individuals (Ldh SS or SF genotypes) was calculated for all markers 
Results
Overall patterns of microsatellite diversity
Two of the Canard ponds (1 and 3) contained both CP and OP individuals, whereas pond 1B was purely OP and pond 2 was purely CP. Past studies revealed that the frequency of CP and OP lineages in the ephemeral Canard ponds can change dramatically from year to year mainly due to their high interconnectivity during wet seasons (D. J. Innes, unpublished data). Allelic diversity at the 54 microsatellite loci ranged from 4 to 17 alleles per locus, with 571 alleles identified across all loci. The mean number of alleles per locus for the ponds ranged from 1.13 to 7.07 (Table 2 ). All Canard populations analysed deviated significantly from Hardy-Weinberg equilibrium over all microsatellite loci (Table 2) . Because all these samples were collected in the middle of the season, the deviation from Hardy-Weinberg equilibrium could be due to differential clonal growth.
Microsatellite neighbour-joining tree and Bayesian estimate of ancestry
The neighbour-joining tree based on a subset of nine, unlinked microsatellite markers that are not diagnostic for OP showed that the CP Daphnia pulex and Daphnia pulicaria formed distinct clusters ( Fig. 2A) . The majority of OP Daphnia including all Ldh SF and some SS Ldh genotypes formed a distinct clade between the pond (D. pulex) and lake (D. pulicaria) clade. However, many Ldh SS OP individuals clustered within the D. pulex clade. The results of the Bayesian assignment test were largely consistent with those of the phylogenetic analysis (Fig. 2B) . Ldh SF OP individuals showed on average 61.1% (SD = 7.2%) probability of ancestry from D. pulex. These Ldh SF OP individuals showed significantly higher D. pulex ancestry (t-test, P < 0.0001) than the simulated data set of 100 F 1 individuals between CP D. pulex and D. pulicaria (average D. pulex ancestry 48.7%, SD = 6.6%). Moreover, the Ldh SS OP individuals grouped with CP D. pulex on the NJ tree (average D. pulex ancestry 84.5%, SD = 7.1%) had significantly higher D. pulex ancestry compared with the Ldh SF OP individuals (D. pulex ancestry 61.1%, SD = 7.2%, t-test, P < 0.0001) and the simulated backcrosses with D. pulex (n = 100, average D. pulex ancestry = 71.6%, SD = 10.9%, t-test, P < 0.0001). These Ldh SS OP individuals were also significantly different from the 100% pure D. pulex (t-test, P < 0.0001) that they group with. On the other hand, the Ldh SS OP individuals that clustered with Ldh SF OP individuals (average D. pulex ancestry = 65.4%, SD = 6.6%) in the NJ tree had no significant difference in terms of the D. pulex ancestry when compared to the Ldh SF OP individuals (t-test, P = 0.09) and the simulated backcrosses (t-test, P = 0.11). Furthermore, the two groups of Ldh SS OP individuals had significantly different amount of D. pulicaria and D. pulex ancestry (t-test, P < 0.0001). The hybrid index analyses by the software INTROGRESS corroborate the results of STRUCTURE analyses (Fig. 3) . A subset of Ldh SS OP individuals have an H index of zero, meaning they have retained almost no D. pulicaria genes, whereas the rest have an H index ranging from 0.12 to 0.46, suggesting that a substantial number of D. pulicaria genes are retained in their genomes. The Ldh SF OP individuals have an average H index of 0.29 (SD = 0.15), with two individuals showing an H index of 0. The simulated F 1 hybrids have an average hybrid index of 0.50 (SD = 0.06), whereas the simulated offspring of the F 1 crossing with D. pulex show an average hybrid index of 0.25 (SD = 0.11). The distribution of the hybrid index of Ldh SF OP is significantly different from the simulated F 1 hybrids (t-test, P < 0.0001) and almost statistically different from the backcrosses (t-test, P = 0.05), suggesting the Ldh SF OP individuals in our data set are derived from more advanced backcrosses rather than F 1 hybrids.
Meiosis suppression loci and diagnostic alleles
We estimated population subdivision between the Ldh SS/SF OP individuals and CP D. pulex individuals in the ponds using G ST with 54 microsatellite markers (Tables S1 and S2, Supporting Information). The average G ST between OP (Ldh SS) D. pulex and CP D. pulex individuals was 0.085 (SE = 0.009), which is consistent with the previous G ST estimate based on genome-wide microsatellite markers in a comparison of SS OP and CP D. pulex (Lynch et al. 2008) , whereas the average G ST when comparing Ldh SF OP with D. pulex CP individuals was 0.156 (SE = 0.012). Individual markers (15 of 54) with G ST values higher than the average G ST (Fig. S1 , Supporting Information) are considered candidates associated with OP (Fig. S2, Supporting Information) . The alleles of these candidate markers were compared between OP and CP D. pulex individuals to determine diagnostic alleles for obligate parthenogenesis (Table 3) . Our results showed that all regions on linkage groups V, VIII, IX and X that appeared to be associated with parthenogenesis in a previous study (Lynch et al. 2008) contain microsatellite markers that are highly differentiated between OP (either Ldh SS or SF genotypes) and CP individuals (Table 3) in this study.
For all identified diagnostic alleles, the association with OP (both Ldh SF and SS) and D. pulicaria compared to CP D. pulex is statistically significant (chisquared test, in all cases P value < 0.01), although the proportion of Ldh SS OP D. pulex individuals carrying diagnostic alleles is lower than that of Ldh SF OP D. pulex. The lower percentage of Ldh SS OP individuals carrying the diagnostic alleles does not imply that these alleles are not associated with obligate parthenogenesis because these alleles have already been shown to have nearly perfect correlation with Ldh SS OP clones (Lynch et al. 2008) . Most OP individuals carried a single copy of the diagnostic allele at these loci and an allele of a different size on the other chromosome. Furthermore, the markers d039, d063 and d091 on linkage group I appeared to be highly diagnostic in both comparisons (i.e. Ldh SF OP vs. CP D. pulex and Ldh SS OP vs. CP D. pulex, see Table 3 ), indicating the likely involvement of these genomic regions in obligate parthenogenesis. However, a few markers on linkage group I (i.e. d076, d001, d148, d188 and d138) and d113 on linkage group VIII only appeared to be diagnostic when contrasting Ldh SF OP and D. pulex CP individuals, suggesting that these alleles probably arose in a D. pulicaria genetic background but are not necessarily involved in obligate parthenogenesis. The genotyping of diagnostic microsatellite markers in D. pulicaria revealed that in each of the four linkage groups (V, VIII, IX and X) associated with OP, the diagnostic alleles for OP at some of the loci were nearly fixed in D. pulicaria, whereas at other loci, D. pulicaria show an array of different alleles including the diagnostic allele.
Meiosis suppression genes
The search in the 200-kb genomic regions centred at the identified diagnostic markers revealed many genes involved in DNA replication, repair, recombination, cell cycle, spindle formation and chromatin assembly (Table S3 , Supporting Information). For example, the newly identified diagnostic marker (d039) on linkage group I is located close to transcription factor IIIC, which has functional roles in DNA replication, repair and recombination. Linkage group IX, a large part of which is associated with meiosis suppression, contains many genes that are responsible for meiotic cell division, recombination and sister chromatid cohesion (Table S3 , Supporting Information).
Discussion
In this study, we build on previous knowledge of the contagious spread of asexuality in Daphnia pulex to further explore the origin of meiosis suppression genes. It is well known that parthenogenesis in animals and plants is often associated with hybridization. For example, almost all asexual vertebrates have a hybrid origin (Kearney et al. 2009 ; but see Sinclair et al. 2010 ) and asexual polyploid plants often arise from hybridization events (e.g. allopolyploidy) (Coyne & Orr 2004; Bengtsson 2009 ). Nonetheless, the link between hybridization and the origin of the genetic elements responsible for meiosis suppression has not been explored. Here, we investigated whether asexual D. pulex-pulicaria hybrids (Ldh SF) originated from crosses between males from asexual clones and CP F 1 hybrids between D. pulex and D. pulicaria. The results of population genetic analyses were consistent with this hypothesis and prompted us to perform an association study to determine whether Ldh SF OP individuals and Ldh SS OP D. pulex share similar genetic mechanisms for meiosis suppression and to detect the origin of the alleles that are associated with meiosis suppression.
The origin of meiosis suppression in Daphnia pulex
A previous population genetic study (Cristescu et al. 2012) has shown clear genetic divergence across the nuclear genome (Fst ranges between 0.434 and 0.521) between populations of the two ecological species (D. pulex and D. pulicaria) examined in the present study. Given the significant genetic divergence between these two species, it is striking that D. pulicaria carries diagnostic alleles of several loci on each of the linkage groups involved in meiosis suppression/obligate parthenogenesis in D. pulex. This finding is consistent with some alleles in genomic regions involved in meiosis suppression/obligate parthenogenesis originated from D. pulicaria. These observations further suggest that meiosis suppression probably originated via hybridization followed by backcrossing and introgression of alleles from D. pulicaria into a D. pulex genomic background. Although we have little understanding about the origin of the diagnostic alleles at other microsatellite loci (see Table 3 ), it is clear that these alleles do not have an origin from CP D. pulex because of their near absence from CP D. pulex (Lynch et al. 2008) . Furthermore, the insertion at the Rec8 B locus, found exclusively in OP D. pulex, is not found in D. pulicaria (Eads et al. 2012) . Laboratory hybridization and backcrossing experiments between CP D. pulex and CP D. pulicaria did not produce OP offspring (Heier & Dudycha 2009 ). Thus, we can trace the origin of only some diagnostic alleles to D. pulicaria, whereas the origin of the other diagnostic alleles remains unclear. It is plausible that meiosis suppression originated through the ancestral hybridization/ backcrossing that occurred between D. pulicaria and an unknown or extinct lineage of D. pulex.
The origin of OP in Ldh SF Daphnia pulex An early hypothesis proposed by Hebert et al. (1989) suggested that obligate parthenogenesis in Ldh SF OP clones is due to the inheritance of a meiosis suppressor from a male D. pulex crossing with a female D. pulicaria. However, this hypothesis is inconsistent with the observation that the mitochondrial genotype of 'hybrid' obligate asexuals is invariably D. pulex (Heier & Dudycha 2009; Cristescu et al. 2012) . A more recent hypothesis suggests that Ldh SF OP lineages arise from the crossing of F 1 CP hybrid females with males of Ldh SS lineages carrying meiosis suppressors (Heier & Dudycha 2009) . Consistent with the prediction of this hypothesis, our neighbour-joining tree based on nine microsatellite markers reveals three distinct clades, the CP D. pulex with some obligate parthenogens (Ldh SS), D. pulicaria with no OP individuals and the 'hybrid' clade of obligate parthenogens with both Ldh SS and SF genotypes. These nine markers were selected from nine different chromosomes and from genomic regions that do not contain any of the diagnostic markers. The number of loci used to generate a tree is critical because high mutation rates at microsatellite loci may reduce divergence due to convergent evolution. However, this effect should be less severe for young species pairs capable of hybridization, such as D. pulex and D. pulicaria. In our phylogenetic tree based on these nine markers, the clear divergence between D. pulex and D. pulicaria is consistent with the results in Cristescu et al. (2012) based on 21 microsatellite markers. The Bayesian estimates of ancestry and the results of hybrid index analyses support the mixed ancestry of individuals assigned to the 'hybrid' clade as did our simulation results. The significantly higher D. pulex ancestry in the Ldh SF OP individuals compared with simulated F 1 (D. pulex 9 D. pulicaria) offspring suggests that the former are not F 1 hybrids and supports the model proposed by Heier & Dudycha (2009) (Fig. 1A) . Moreover, the significantly higher D. pulex ancestry in the Ldh SS OP individuals assigned to the D. pulex CP clade relative to the simulated first round of backcrosses indicates that they are either offspring of males from OP lineages mating with more advanced backcross females or offspring of pure D. pulex females with males from OP lineages retaining some D. pulicaria genes (Fig. 1B) . The D. pulex ancestry of the Ldh SS OP clones clustered with Ldh SF individuals and the simulated backcrosses was not significantly different, suggesting that both genotypes are generated by the same crossing process and that the Ldh genotype cannot be reliably used to distinguish between hybrids and nonhybrids. Furthermore, a large proportion of the OP individuals with the Ldh SF genotype (Table 3 ) carry the highly diagnostic alleles for meiosis suppression/obligate parthenogenesis identified by Lynch et al. (2008) in OP individuals with the Ldh SS genotype. Collectively, these results strongly suggest that the mechanism of meiosis suppression is similar in Ldh SF and Ldh SS OP individuals.
In our data set, we observed two different groups of Ldh SS OP individuals. Nearly half of the Ldh SS OP individuals are contained within the 'hybrid' clade, whereas the remaining Ldh SS obligate parthenogens cluster with the CP D. pulex individuals (Fig. 2) . These two groups of Ldh SS OP clones are significantly different in terms of their D. pulex ancestry. The Ldh SS OP individuals that cluster with CP D. pulex could be the offspring of pure CP D. pulex mating with males from OP D. pulex of hybrid origin. On the other hand, the Ldh SS OP individuals that cluster with Ldh SF OP individuals are likely offspring of OP (Ldh SS) males and CP F 1 (Ldh SF) hybrids. This observation is consistent with previous work, showing that OP D. pulex lineages are derived from distinct genetic backgrounds/lineages (Crease et al. 1989) . It is expected that the OP offspring derived from continuous crossing with D. pulex have 50% reduction in D. pulicaria genomic background each generation, that is, 25% (first round), 12.5% (second round) and 6.25% (third round). The Bayesian estimates of ancestry show that some OP individuals with Ldh SS have c. 25-40% similarity to the D. pulicaria genome (Fig. 2) , which is higher than the expected D. pulicaria ancestry (25%). This might be because the parental male carrying the meiosis suppression genes (i.e. Ldh SS males from OP clones) have retained some D. pulicaria genes in their genomes.
Our results provide a unified framework for the origin of OP clones, that is, both the Ldh SS and Ldh SF OP individuals can be generated by the same biological process (crossing of D. pulex males carrying meiosis suppressing genes with 
Genes involved in meiosis suppression/obligate parthenogenesis
Our results confirm that the majority of diagnostic markers for parthenogenesis (Lynch et al. 2008 ) from linkage groups V, VIII, IX and X are highly indicative of obligate parthenogenesis in both Ldh SF and SS OP individuals. Furthermore, we show that linkage group I likely carries genes that are associated with obligate parthenogenesis.
Although these regions contain genes that are involved in cell cycle, cell division, transcription, DNA repair and chromosome structure, some of them may not be directly responsible for meiosis suppression. Instead, some of these genomic regions likely contain genetic elements involved in other essential features associated with the transmission of obligate parthenogenesis such as the production of males and the activation of unfertilized diploid resting eggs (Eads et al. 2012) .
The cell division of germline cells in OP Daphnia is apomictic, involving the suppression of meiosis I of a normal meiotic division and only a single maturation division (Schrader 1925; Zaffagnini & Sabelli 1972; Hiruta et al. 2010) . However, this is distinct from mitotic cell division because a polar body, a distinguishing feature of meiosis, is emitted at the end of the maturation division (Schrader 1925; Zaffagnini & Sabelli 1972) . CP Daphnia possess the genetic machinery for both apomictic division and meiotic division, with environmental cues triggering the switch between them. Meiosis suppression can be due to a dominant mutation in one of the key genes initiating meiosis, as indicated by a previous study in which nearly half of the F 1 progeny between males from OP lineages and CP females was OP (Innes & Hebert 1988 ). In the plant literature, there have been reports of meiosis becoming ameiotic due to spontaneous mutations in major genes. In maize, mutants of the ameiotic 1 gene show phenotypes of equational division (Pawlowski et al. 2009 ). In Arabidopsis, a homologue of ameiotic 1, SWI1/DYAD, affects the key events for meiosis such as sister chromatid cohesion and recombination (Siddiqi et al. 2000; Mercier et al. 2001 Mercier et al. , 2003 Agashe et al. 2002) . The mutants of swi1/dyad genes show abnormal meiosis, with equational-like segregation of chromosomes (Agashe et al. 2002; Mercier et al. 2003) .
A recent study (Eads et al. 2012) shows that all OP individuals (Ldh SS) of D. pulex carry an allele of the Rec8 B locus, which encodes the meiotic cohesin REC8, that contains a transposable element insertion upstream and a frameshift mutation, both of which are completely absent from CP lineages. It is thus hypothesized that obligate parthenogenesis in Daphnia is initiated by the abrogation or modification of REC8 function, likely due to the response triggered by the inserted transposable element at the post-transcriptional level (Eads et al. 2012 ).
Conclusions
Our current understanding of the role of hybridization in the evolution of asexuality in animals is based on a few experimental crosses and mostly phylogenetic analyses (reviewed in Simon et al. (2003) ), but is severely short of the insights into how hybridization disrupts normal meiosis with the exception of some verbal arguments (Moritz et al. 1989) . With the complex role of hybridization in the origin of asexuality in D. pulex becoming clear and the genomic regions conferring meiosis suppression identified (Lynch et al. 2008) , this study has set the stage for future studies to further investigate the specific mechanisms underlying meiosis suppression.
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